The body size of an animal is probably its most important functional trait. For arthropods, environmental drivers of body size variation are still poorly documented and understood, especially in tropical regions. We use a unique dataset for two speciesrich, phylogenetically independent moth taxa (Lepidoptera: Geometridae; Arctiinae), collected along an extensive tropical elevational gradient in Costa Rica, to investigate the correlates and possible causes of body-size variation. We studied 15 047 specimens (794 species) of Geometridae and 4167 specimens (308 species) of Arctiinae to test the following hypotheses: 1) body size increases with decreasing ambient temperature, as predicted by the temperature-size rule; 2) body size increases with increasing rainfall and primary productivity, as predicted from considerations of starvation resistance; and 3) body size scales allometrically with wing area, as elevation increases, such that wing loading (the ratio of body size to wing area) decreases with increasing elevation to compensate for lower air density.
Introduction
The exploration and understanding of hyper-diverse tropical arthropod communities remains one of the last great frontiers in biology for a wide range of disciplines, including biogeography and macroecology (Diniz-Filho et al. 2010 , Clarke et al. 2017 , Stroud and Feeley 2017 . Describing and understanding large-scale patterns of species richness and functional diversity along gradients of latitude and elevation are key questions in these fields.
The body size of an animal is perhaps its most important functional trait (Chown and Gaston 2010) . Body size is linked to population demographic parameters (survival, growth, reproduction) and to ecological processes, ranging from individual impacts to food web dynamics and biomass production (LaBarbera 1989) . Geographical variation in body size of birds and mammals often conforms to Bergmann's rule, a pattern in which populations and species within a clade tend to be larger in cooler climates than in warmer climates (Blackburn et al. 1999 , Meiri 2011 ). Bergmann's explanation for this pattern was based on the ratio between body surface area and body volume, a ratio that varies inversely with body size. Thus, for homeotherms in colder climates, larger body size allows more effective heat retention, whereas smaller body size allows for cooling by radiative heat loss in hotter climates (Bergmann 1847) . Here, we follow Blackburn et al. (1999) and Meiri (2011) in referring to Bergmann's rule as a geographical pattern, without regard to causal mechanisms.
Originally describing latitudinal patterns of body size in relation to climate for homeotherms, Bergmann's rule has subsequently been investigated in relation to elevational gradients (Brehm and Fiedler 2004) and paleoclimates (Smith et al. 1995) , and in poikilothermic organisms (Blanckenhorn and Demont 2004, Shelomi 2012) . Poikilotherms, however, frequently display a positive relationship between ambient temperature and body size, with smaller body sizes in cooler climates and larger body sizes in warmer climates (a 'converseBergmann pattern'; Mousseau 1997 ). Investigations of a broad range of insect taxa, however, reveal no uniform geographical body size pattern for poikilotherms (Shelomi 2012 , Zeuss et al. 2017 , Horne et al. 2018 , and suggest that processes controlling body size may be fundamentally different for poikilotherms than for homeotherms.
Several mechanisms have been proposed for body size variation in poikilotherms along ecological gradients. Larger body size might be dependent on local resource availability or primary productivity (Rosenzweig 1968 , McNab 2010 . Larger body size might buffer against harsh environments (Ashton 2002) , offering protection from starvation or desiccation (Cushman et al. 1993) . Being large does not always carry a selective advantage, however. For example, more resources are required for development and maintenance of a large body. Growing to a larger body size might impose a cost of a longer exposure of insect larval or nymphal stages to predation or parasitism, selecting for rapid maturation and thus for smaller body sizes in environments with more predators or parasites (Berger et al. 2006) . Increasing temperatures may influence developmental heterochrony, accelerating development rate to a greater degree than growth rate, so that the adult stage is reached at a smaller body size at higher temperatures than in cooler environments (called the 'temperature-size rule'; Atkinson 1994, Klok and Harrison 2013) , yielding a pattern that conforms to Bergmann's rule. Along elevational gradients, all flying animals, including flying insects, have to compensate for lower air densities at higher elevations, either by reduced wing loading or by increased stroke amplitude. Reduced wing loading requires larger wings for a given body size (mass), which might be achieved, in whole or in part, by decreasing body size with increasing elevation (Dillon et al. 2006) .
We studied geographical variation in insect body size using a very large dataset of Geometridae and Arctiinae moths collected along a 2900 m gradient of elevation in Costa Rica. Both moth clades are frequently used as model groups, worldwide (Beck et al. 2017) . Each specimen was identified to (morpho-) species and sex, and its forewing-length was measured (a widely-accepted proxy for body size, Graça et al. 2016) . We directly measured body size (mass) and fore-wing length (FWL) for a representative subset of species to validate this proxy for our study.
Our prinicipal focus was on patterns of body size, wing length, and wing area at the species and site level. However, sexual dimorphism and biased sex ratios are common in moths of these families. The sex ratio between adult Lepidoptera males and females is usually about 1:1, but in some cases larval diet favours the development of males, resulting in male-biased adult sex ratios (Quezada-Garcia et al. 2014) . Sex ratios can also be influenced by Wolbachia, a maternally inherited cellular endosymbiont that predominantly kills males (Koop et al. 2009 ). Regardless of the true adult sex ratio, males may be more frequently observed and collected because they actively patrol or search for females. It is therefore a common observation that male moths are more frequent than females, and sexes in some species are known to be differentially captured by light traps. For these reasons, we considered the two sexes separately in all analyses and assessed the proportion of males and females of each species along the transect.
We tested the following hypotheses: 1) body size increases with decreasing ambient temperature, as predicted by the temperature-size rule for insects; 2) body size increases with increasing rainfall and primary productivity, as predicted from considerations of starvation resistance; and 3) body size scales allometrically with wing area, as elevation increases, such that wing loading (the ratio of body size to wing area) decreases with increasing elevation to compensate for lower air density, as predicted by considerations of flight mechanics. We tested these predictions within and between species, and separately for males and females.
Methods

Study area and sampling
The Barva Transect in Costa Rica offers one of the few remaining opportunities to study full-scale elevational gradients in Central America. The transect starts at around 40 m a.s.l., reaching the top of dormant Volcán Barva at 2906 m a.s.l. along a 35 km gradient , ranging from lowland tropical rain forest to montane rain forest near the summit (Fig. 1) . All collecting sites are covered with mature forests. The average temperature ranges between 24°C (lowest sites) and 10°C (highest sites), and estimated precipitation ranges between 4900 mm (at 1070 m) and 2900 mm (at the highest sites). The transect experiences only a modest level of seasonality (Kluge et al. 2006 Moths were sampled manually using light traps ('light towers', Fritz Weber, Stuttgart, Germany) equipped with two, 15 W ultraviolet radiation-emitting tubes (Sylvania BLB 350 and BL 350) located in their centres Axmacher 2006, Brehm 2017 for detailed emission spectra). The traps were approximately 0.7 m in diameter and about 1.7 m in height. Sampling was carried out from 18:30 h to 21:30 h, to coincide with the peak activity of moths (Brehm 2002) . Nights with bright moonlight were avoided (Brehm and Axmacher 2006) . Each site along the elevational gradient was sampled at least twice between April and June, 2003, and at least twice between the beginning of February and the end of March, 2004. Together with samples from a lowland light trap study , in all, 15 047 specimens of Geometridae and 4167 specimens of Arctiinae were analysed.
Specimen processing and measurements
Forewing length
Captured moths were spread, labelled, individually databased, sorted to species or morphospecies, assigned to sex, and subsequently identified definitively to the level of genus or species by examination of relevant type material in major natural history museums ). All specimens were deposited in the research collection of G. Brehm (including vouchers of all species) and in the collection of the Inst. Nacional de Biodiversidad (INBio) in Costa Rica, with the exception of very abundant species (about 30% of the material), for which a representative series was deposited in each collection.
Forewing length (FWL) was measured from the base of the forewing to its apex, using a simple, fine-scale ruler, and rounded to the nearest mm. Eight percent of the Geometridae specimens and 6.2% of the Arctiinae specimens, collected during the first phase of the field work, were not measured, but contributed to counts and site-based statistics. Wing lengths of these specimens were estimated, for hypotheses requiring weighted means (e.g. assemblage-level averages), by assigning average measurements of other specimens from the same site, species and sex (Supplementary material Appendix 1 Table A3 ).
Body mass and wing loading
Body mass (which we treat as a measure of body size), FWL, and total wing area were measured, for one specimen of each sex, for 57 morphologically representative species of Geometridae and 27 species of Arctiinae, spanning the full range of body size variation within each taxon (Supplementary material  Appendix 1 Table A4 -A7), without regard to where, on the transect, these specimens were collected. The measurements were carried out using pinned specimens from the Barva Transect that had been stored in the research collection of G. Brehm under identical conditions for at least ten years. Insect pins and the labels they carried were (temporarily) carefully removed from each specimen. The semi-dry mass (at ambient humidity) of the specimen was measured, without the pin and labels, using a Sartorius ED224S electronic precision balance with a resolution of 0.0002 g. Digital photographs were taken of each specimen with a Nikon D700 camera, using a 60 mm Nikon Macro lens and a 10 mm scale bar. The software ImageJ (ver. 1.48, < http://imagej. nih.gov/ij >) was used to estimate the wing area of the foreand hindwings (Supplementary material Appendix 1 Table  A4-A7) . Wing loading, defined as the ratio (in mg per mm 2 ) between load (i.e. body mass) and wing area, was computed for each of these representative specimens.
Environmental variables
Data on ambient temperature (onsite measurements) and rainfall (from nearby weather stations) were obtained from for each sampling site (Supplementary material Appendix 1 Table A1 ). Because no data on primary productivity are available for the study area, the enhanced vegetation index (EVI) was used as a proxy (Brando et al. 2010 ). All available EVI data (February 2000-October 2014, 16 d intervals) were extracted with the Earth Observation Monitor (< http://earth-observation-monitor.net >) from MODIS satellite data. Only data of the highest quality (flags 0 and 1) were used to compute means for each sampling site. Mean EVI values decreased slightly but not significantly with elevation (Supplementary material Appendix 1  Table A1 ), reflecting a global trend of decreasing primary productivity with elevation in tropical forests (Malhi et al. 2011) . Temperature declined linearly with increasing elevation (OLS spatial regression of temperature on elevation, p < 0.001, r² = 0.99) (see also Kluge et al. 2006, Longino and Colwell 2011) .
Data analysis
We assessed the validity of FWL as a proxy for body mass by OLS regression of log FWL on log body mass for males and females of 57 species of Geometridae and 27 species of Arctiinae, chosen to span the range of body size (Supplementary material Appendix 1 Table A4-A7). We analysed patterns of FWL with elevation separately for the two sexes using two approaches: 1) in the 'species-based approach', arithmetic mean FWLs were calculated separately for each species, and the average of these means was calculated for all species occurring within each site. Frequency histograms show generally symmetrical distributions that justify the use of arithmetic means (Supplementary material Appendix 1 Fig. A1-A5 ). Individuals were included only if they had been physically measured (92.0 and 93.8% of all specimens in Geometridae and Arctiinae, respectively; Supplementary material Appendix 1 Table A3 ). In this approach, each species counted equally, regardless of its relative abundance in the local assemblage. 2) In the 'assemblage-based approach', arithmetic mean FWLs were calculated for all individual moths collected at each sampling site, disregarding species, including estimated FWLs for individuals not physically measured (8.0 and 6.2% of the Geometridae and Arctiinae, respectively, as explained in the section Forewing length, above).
In other words, the assemblage-based FWL was an abundance-weighted average among species means. The assemblage-based approach aims to represent the complete moth fauna for these taxa at a given site, reflecting activity and abundance of moths, and may be ecologically more meaningful for some questions than the species-based approach. For example, assemblage-based means provide information about moth size in a habitat, as presented to predators such as insectivorous bats, disregarding the species composition of the local moth assemblage. For both approaches, calculating the median instead of the mean yielded very similar results, overall, which are therefore not reported.
Separately by sex, species-based and assemblage-based FWLs were calculated for each of the 12 sampling sites and used as dependent variables in simple and multiple spatial regression models, with the environmental variables as candidate explanatory variables. In addition to linear models, we also assessed models with second order polynomials as predictors and compared the model fit using the Akaike information criterion (Supplementary material Appendix 1 Table A8 ). Frequency histograms of FWLs for the moth assemblage of each site (Supplementary material Appendix 1 Fig. A1-A5 ) provide a more detailed overview.
Phylogeny has a confounding influence on the results of such data. For example, in an Ecuadorian study, within the Geometridae, moths of the subfamily Larentiinae were on average smaller than moths of the subfamily Ennominae, and proportions of subfamilies in the local fauna changed along an elevational gradient (Brehm and Fiedler 2003 , 2004 , Fiedler et al. 2008 , Brehm et al. 2013 . Comparative methods, such as phylogenetically independent contrasts, can account for this potential bias (Felsenstein 1985) . However, to be reliable, such methods require well-resolved phylogenies with branch lengths. For the two taxa investigated in this study, phylogenies are available only at the level of the largest subfamilies and for some tribes (Sihvonen et al. 2011 , Zenker et al. 2016 ), but many Neotropical genera are still not included -not to mention the lack of inclusion of all species, many of which remain undescribed.
The most appropriate approach, given these limitations, is the analysis of patterns at monophyletic, higher taxonomic levels, with comparisons among such taxa for consistency (see also Brehm and Fiedler 2004) . In addition to analyses at higher taxonomic levels, we analysed FWL patterns at the species level for each species for which at least ten specimens were collected (Supplementary material Appendix 1 Table  A3 ), to minimize potential undersampling issues.
Simple and multiple spatial regressions, including model selection by AIC, were conducted with SAM 4.0 (< www. ecoevol.ufg.br/sam >). We used simultaneous autoregression models (SAR), as implemented in SAM, with spatial coordinates (latitude and longitude) of sampling sites in the models. Regression residuals were assessed for spatial autocorrelation using permutation tests of Moran's I (Rangel et al. 2010) . All other calculations were performed in R ver. 3.4.1. (polynomial models, variance inflation factors, t-tests, and hierarchical partitioning, using packages base, car, and hier.part).
Data deposition
Data available from the Dryad Digital Repository: < http:// dx.doi.org/10.5061/dryad.60jv067.2 > (Brehm et al. 2018) .
Results
Both forewing length (FWL) and forewing area proved to be valid statistical proxies for body mass (Fig. 2 , Supplementary material Appendix 1 Table A4-A7). FWL increased significantly with elevation and decreased significantly with temperature for both sexes, in both taxa, and in both the species-based and assemblage-based approach (Fig. 3, Table 1 ).
The assemblage-based approach yielded a greater contrast between the sexes for Geometridae: the mean FWL of females was considerably smaller, and the mean FWL of males was much larger than the corresponding means in the species-based approach, indicating that larger species dominate the samples for males, with smaller species being relatively less frequent, and the reverse for females. Overall, Geometridae were smaller than Arctiinae (both sexes combined, t-test: Geometridae mean FWL = 15.80 mm, Arctiinae mean FWL = 17.37 mm, p < 0.001). The Arctiinae sizefrequency distribution was more positively-skewed than the Geometridae distribution (Supplementary material Appendix 1 Fig. A1 ). Very small moths (up to 5 mm FWL) were found only among the Geometridae at the lowermost sites (40-550 m a.s.l., Supplementary material Appendix 1 Fig. A2-A3 ). Frequency class peaks shifted from left to right (smaller FWL to larger FWL) in both taxa with increasing elevation. These shifts were particularly pronounced in the Arctiinae (Supplementary material Appendix 1 Fig. A1, A4, A5) . At the species level, more species showed an intraspecific increase in FWL with elevation than species that showed a decrease (onetailed binomial test; males: 71 increase, 17 decrease; females: 64 increase, 24 decrease; p < 0.001; based on species with at least 10 male and 10 female individuals; Supplementary material Appendix 1 Fig. A6 and A7, Table A3 ).
Simple spatial regressions revealed that temperature was significantly negatively correlated with FWL, without exception, for both approaches, and was the best predictor among the three environmental variables (r between -0.73 and -0.97, Table 1 ). By contrast, rainfall and EVI were uncorrelated or only weakly correlated with FWL. The patterns found for Geometridae and Arctiinae were largely repeated in a separate analysis of subordinate taxa, using the speciesbased approach (Supplementary material Appendix 1 Fig. A8 and A9, Table A9 ). Significantly more subordinate taxa showed an increase in FWL with elevation than subordinate taxa showing a decrease (one-tailed binomial test with p = 0.5; males: 6 increase, 1 decrease; females: 7 increase, 0 decrease; p < 0.05).
A spatial multiple regression model explained between 87 and 97% of the variance in FWL (Table 1) . In all models, ambient temperature was the most important explanatory variable. Models with the lowest AIC included either temperature as the sole explanatory variable, or temperature and precipitation, or temperature and EVI (Table 1,  Supplementary material Appendix 1 Table A10 ). Explanatory variables were collinear (VIF temperature = 6.2, VIF rainfall = 5.6, VIF EVI = 3.2), but temperature consistently had the greatest independent contribution in explaining the variation of FWL (hierarchical partitioning analysis, not shown). Trends were quite similar for linear and polynomial models (Table 1) . Ideally, to test the hypothesis that body size scales allometrically with wing area, as elevation increases, such that wing loading decreases with increasing elevation to compensate for lower air density, we would have measured wing loading for each species at each elevation. Instead, our data for wing loading came from representative species spanning the body size spectrum for each moth family on the transect. In this sample, wing loading increased with log body mass for both sexes in both taxa (Fig. 4 ) (Geometridae males: r 2 = 0.46, females: r 2 = 0.53, Arctiinae males r 2 = 0.44, females r 2 = 0.44, average r 2 = 0.50, all p < 0.001). But we know that body mass increased with elevation for both sexes in both families (with an average r of 0.92). Thus, the correlation between wing loading and elevation is restricted, approximately, to the interval [0.38 < r < 0.92] (Olkin 1981, Eq. 2) . This positive correlation firmly contradicts the expectation, from flight mechanics, that wing loading should decrease with elevation.
Overall, wing loading was substantially greater (by a factor of 3) for the Arctiinae than for the Geometridae (t-test, mean wing loading Geometridae: 0.046 mg mm -2 ; mean wing loading Arctiinae: 0.128 mg mm -2 ; p < 0.001). Mean wing loading did not differ significantly between sexes within either taxon (t-tests, p > 0.05). Results for sex ratio and sexual size dimorphism appear in the Supplementary material Appendix 1 Fig. A10-A12 . Many larger species were poorly represented by females in the Geometridae samples, whereas females were as frequent as males for most smaller species in these samples (a significant relation; Supplementary material Appendix 1 Fig. A10a ). This pattern was not observed in the Arctiinae, in which females of all body sizes were about equally frequent (Supplementary material Appendix 1 Fig. A10b ). These patterns were largely reflected in the subtaxa of each group (Supplementary material Appendix 1 Fig. A11 and A12) . The proportion of female Geometridae in our samples declined significantly with elevation (Supplementary material Appendix 1 Fig. A10c) , whereas the sex ratio in captured Arctiinae did not change significantly with elevation (Supplementary material Appendix 1 Fig. A10d) . Moreover, the absolute and proportional magnitude of elevation-size clines (slopes) within species did not differ between sexes (88 species with at least 10 individuals in both males and females, paired t-test, p > 0.05) and was not correlated with the average body size of species, neither in males nor females (p > 0.05).
Discussion
Body size along the elevational gradient
Body size increased with elevation for two phylogenetically distinct lineages of Lepidoptera on the Barva Transect (a pattern in accord with Bergmann's rule), a result largely supported by the analyses of their respective major subclades. This pattern also holds among individuals, within species. Although rigorous phylogenetic comparative methods could not be applied (as explained in the Methods section), results from two different approaches show that the patterns are robust, leaving no doubt that moths belonging to these two clades are on average considerably larger at higher elevations than in the lowlands on the study transect.
Insects along climatic gradients elsewhere show both increases and decreases in body size, with decreasing temperature and/or increasing elevation, depending upon taxon and location (Shelomi 2012 , Zeuss et al. 2017 ). In the Andes in Ecuador, no significant change in FWLs was found for Geometridae (males) between 1000 and 2700 m a.s.l., with idiosyncratic results for subordinate taxa (Brehm and Fiedler 2004) . Our results from Costa Rica offer a much more complete insight with regard to gradient coverage, sexes, taxonomic scope, and environmental variables. In contrast to our results, Guevara and Avilés (2007) documented decreasing body sizes of several insect groups along an elevational gradient in Ecuador; Kubota et al. (2007) found decreasing body sizes in tephretid flies with increasing elevation in Brazil; Dillon et al. (2006) concluded that insects living at higher elevations do not tend to have larger body sizes; Herzog et al. (2013) found decreasing body size patterns of phanaeine dung beetles in Bolivia with increasing elevation; and Hawkins and DeVries (1996) found that Costa Rican butterflies showed no general body size trends with elevation. These examples make clear that no single dominant mechanism responsible for body size variation is likely to apply to all insects along elevational or other climatic gradients.
Mechanisms responsible for body size patterns
The results of this study allow us to examine key mechanisms proposed in the literature for geographical variation in insect body size. Among the environmental correlates of moth body size considered in our study, temperature was clearly most statistically explanatory in all models and explained substantial variance in body size. The effect of temperature on body size may be direct, arising from discordant temperature dependence of development and growth rates, as formalized by the temperature-size rule, driving maturation to the adult stage at smaller sizes in warmer, lowland climates. Or its effect may be indirect, a result of temperature dependency of the number of generations annually, and hence the time available for growth for each generation (Roff 1980 , Blanckenhorn and Demont 2004 , Kozlowski et al. 2004 , Zeuss et al. 2017 . In the latter case, the increase in moth body size with elevation could be explained by a decreasing share of species with many generations at high elevations. These effects are not mutually exclusive, and may well act together to influence body size along elevational gradients. Unfortunately, no species-specific data on either maturation rate or the annual number of generations are available for the still poorly-known moth faunas of the tropics. Consequently, we cannot yet distinguish between the contributions of direct and indirect effects of temperature on moth body size in this study.
Clearly, conservation of metabolic heat as proposed by Bergmann (1847) to account for patterns of increasing body size with declining temperature in homeotherms, cannot explain our data for poikilothermic Geometridae and Arctiinae moths. Moths of neither clade require particularly high body temperature to fly (unlike some other clades of moths; Heinrich 1993), based on direct body temperature measurements in the field, for representative moth species of our study (Brehm unpubl.) .
Many hypotheses offered to explain geographical variation in body size focus on the advantages of being large. For example, larger female body size allows greater fecundity in many insects (Stillwell et al. 2010) . But there are also advantages to being small. The probability of being detected by a predator rapidly increases with body size in insects (Remmel and Tammaru 2009) , and larger insect body size usually implies an extended developmental period, entailing greater detectability (Berger et al. 2006) . Although direct evidence is scarce, and data on biotic interactions are notoriously difficult to obtain in highly complex tropical rain forest ecosystems, it is plausible that predation pressure decreases along the elevational gradient in Costa Rica (Roslin et al. 2017) . For example, ant diversity and density rapidly decrease with elevation on the Barva Transect (Longino and Colwell 2011) , and the same is true for insectivorous bats and birds along some tropical elevational gradients (Presley et al. 2012) . Reduced predation pressure could allow insects to evolve larger body size at higher elevations. Other biotic factors, such as the quality of diet, may also have an influence on body size along latitudinal gradients (Ho et al. 2010) , and thus perhaps along elevational gradients. Unfortunately, tropical host-plant relationships for moths are still poorly known, and data on diet quality remain scarce.
Rainfall and primary productivity can be confidently rejected as causes of moth body size variation with elevation in this study. Rainfall was not correlated with moth body size, indicating that desiccation resistance, as an advantage of larger body size, was not explanatory. Nor was moth body size correlated with primary productivity (indexed by the enhanced vegetation index), as proposed by Rosenzweig (1968) . Actual net primary productivity (NPP) may even decrease more strongly than enhanced vegetation index along elevational gradients, but appropriate NPP data are not available from the study area at sufficient spatial resolution. Studies from other tropical regions, such as Peru, also suggest that NPP strongly decreases with elevation (Girardin et al. 2010 , Malhi et al. 2011 . Hence, the starvation resistance hypothesis, which was originally proposed for highly seasonal habitats (Lindsey 1966) , was not supported.
Considerations of flight mechanics in relation to air density (wing loading) can be firmly rejected as an explanation for the increase in body size with elevation that we documented. Like temperature, air density decreases with elevation on all mountain gradients. Moths, like birds (Feinsinger et al. 1979) , might compensate for lower air density by reduced wing loading at higher elevations. Wing loading can be reduced by decreasing body mass, increasing wing area, or both. In our study, in both taxa, body mass (as indexed by FWL) increased with elevation, and thus increased with declining air density. Among the 84 morphologically representative species (57 Geometridae and 27 Arctiinae) from the transect for which we directly measured body mass, wing area, and FWL, wing-loading increased with body mass (Fig. 4) . Thus, the inference is statistically inescapable (see Results) that moth assemblages at higher elevations, with higher average body mass, also had higher wing loadings than moths at lower elevations -the opposite of what would be expected on the basis of flight mechanics. High-elevation moths therefore must compensate for lower air densities by increased stroke amplitude (Dillon et al. 2006) , leading to an increased energy demand during flight. Overall energy budgets for movement depend upon the proportion of time spent flying. Indeed, Brehm (2002) observed that the peak activity of Geometridae was earlier and shorter at higher than at lower elevations, but other explanations for this pattern might be found.
In this study, results and interpretation of body size patterns with elevation were complicated by sex differences in body size and by trends in sex ratio with elevation. Malebiased sex ratios are a common pattern in Lepidoptera field samples, including Geometridae (see Methods). However, the strong decline that we observed in the proportion of females in larger-sized Geometridae species and (consequently) the increasingly male-biased sex ratio along the elevational gradient has not been reported before. The underlying mechanism is clearly not universal, even on our study transect, since Arctiinae do not show this pattern. The low observed proportion of females among large Geometridae species does not reflect a true sex bias in adults, because specimens reared from collected larvae generally produced balanced sex ratios (F. Bodner pers. comm., Brehm unpubl.). However, it is possible that this pattern reflects host plant specialisation. Many of the smaller species, such as members of the genera Eupithecia and Eois, are larval host plant specialists, whereas many of the larger species (e.g. Certima, Herbita, Oxydia) are generalist feeders as larvae, frequently found feeding on algae, lichens, and dead material (Brehm 2003 , Bodner et al. 2010 , 2015 . Females of such generalist species would not need to fly long distances to find suitable hosts, whereas females of specialists need to be more active, and consequently might be sampled more frequently. In contrast, males do not seek host plants, and thus would not show this pattern. Further study of these sex-specific patterns and their causes could well prove fruitful.
Conclusions
Body size patterns for two species-rich insect clades were investigated along a complete tropical elevational gradient. The most important finding was a pronounced increase in body size with increasing elevation and with decreasing temperature (a pattern conforming to Bergmann's rule). Our results support the temperature-size rule as an important mechanism for body size variation in arthropods along tropical elevational gradients. Several other mechanisms proposed to explain body size variation of insects along elevational gradients were clearly rejected for these clades on the study gradient. Wing loading increased with elevation in both studied taxa. Hence allometric scaling of body size with wing area to compensate for decreasing air density with increasing elevation cannot explain the body size patterns found. Because body size was uncorrelated or weakly correlated with rainfall and enhanced vegetation index, starvation resistance is also unlikely to explain the body size patterns found. Biotic interactions or indirect effects of temperature could also play an important role in shaping body size patterns of these clades and other tropical arthropods, but further experimental work and field data will be required to test these hypotheses. Additional data collection and, ideally, common garden experiments are needed to improve our understanding of the direct and indirect mechanisms that drive body size patterns in tropical insects and to assess the degree to which the observed phenotypic differences within species reported in this study might have a genetic foundation.
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